The Sheffield Dynamic Global Vegetation Model has simulated the structure and net carbon exchange of vegetation at five sites along the Kalahari transect where there is a strong gradient in precipitation from 299 to 918 mm yr
Introduction
The continent of Africa experiences a wide range of climates dominated by variations in precipitation, with much less variability in temperature. The impacts of variations in precipitation on vegetation can occur particularly through changes in phenology and productivity . The research reported here aims to determine the influences of inter-annual changes in climate on the productivity of vegetation along a transect, or effectively a gradient in precipitation in the Kalahari, between latitudes of 15.441S and 24.171S. The objective of the work presented here, within the framework of the Kalahari project, was to simulate vegetation responses 'sight unseen', without reference to other published work. This approach then provides a blind test of the model simulations. The model to be used is the Sheffield Dynamic Global Vegetation Model (SDGVM), which has been described and tested elsewhere (Beerling & Woodward, 2001; Cramer et al., 2001; Woodward et al., 2001) . The SDGVM is a generalized global-scale model that predicts vegetation structure and dynamics from input data of climate and soil texture. Fire and mortality by senescence are simulated but impacts of grazing, which are likely to be intense along the transect, are not simulated.
Methods
Five sites have been selected along the transect (Table 1) between latitudes of 15.251S and 24.251S. Climate data for these sites have been extracted from the UEA climate data set (New et al., 2000) . This data set is well tested and internally consistent, with data appropriate for the model simulations and available from 1901 to 1995. However, the spatial resolution of these data is 0.51 of latitude and longitude and may not, therefore, be completely representative of smaller scale sites used for field studies. The trend in atmospheric CO 2 over the simulation period has been taken from Keeling & Whorf (1998) .
The vegetation model used for these simulations is the SDGVM. The basic processes and assumptions in the model are outlined in Cramer et al. (2001) . The SDGVM (Fig. 1 ) requires input data of climate, atmospheric carbon dioxide concentration and soil texture. The climate data are the monthly mean and minimum temperatures, water vapour pressure deficit, precipitation and cloudiness. The physiology and biophysical module simulates carbon and water fluxes from vegetation (Woodward et al., 1995) with water and nutrient supply defined by the water and nutrient flux module. The soil module incorporates the Century soil model of carbon and nitrogen dynamics (Parton et al., 1993) , with a model of plant water uptake. Eight soil carbon and nitrogen pools are modelled: surface and soil structural material, active soil organic matter, surface microbes, surface and soil metabolic material, slow and passive soil organic material.
The carbon and nitrogen dynamics are described by linear autonomous differential equations with parameters that depend on soil texture, temperature, precipitation, humidity, soil moisture, water flow, potential evapotranspiration and litter. In practice, these variables are held constant over a given period and the differential equations are solved by standard means for these conditions. The set of parameters is updated at each successive period, and the carbon calculation is advanced using the final state in the previous period as the initial state in the current period. These equations are solved each month. The organic nitrogen flows are equal to the product of the carbon flow and the nitrogen-to-carbon ratio of the state variable that receives the carbon (Parton et al., 1993) . The carbonto-nitrogen ratios of the soil state variables receiving the flow of carbon are linear functions of the mineral nitrogen pool. The mineral nitrogen pool is an addi- tional pool, which stores surplus nitrogen. The dynamics imposed by the linear functions ensure that this pool is always positive.
Water fluxes are modelled within the SDGVM using a 'bucket' model. This is a layered model, which simulates the moisture profile through the depth of the soil, without modelling it as a continuous medium. The model is composed of four buckets: one thin (5 cm) layer at the surface and three buckets of equal depth, which make up the remainder of the soil layer. The depth of the total soil layer is currently set to 1 m everywhere, but the facility to alter the soil depth is built into the SDGVM. The effects of bare soil evaporation, sublimation, transpiration and interception (each of which represents a loss of water available to the vegetation system) are incorporated into the model. The primary productivity model simulates canopy CO 2 and water vapour exchange and nitrogen uptake and partitioning within the canopy. Nitrogen uptake is linked directly with the Century soil model, which simulates the turnover of carbon and nitrogen in plant litter, of differing ages and depths within the soil, in addition to soil water status.
The primary productivity model determines the assimilated carbon available for the growth of plant leaves, stems and roots. The plant structure and phenology module defines the vegetation leaf area index and the vegetation phenology. Leaf phenology is defined by temperature thresholds for cold deciduous vegetation and by drought duration for drought deciduous vegetation (Cramer et al., 2001) .
The vegetation dynamics module (Cramer et al., 2001; Woodward et al., 2001) simulates the establishment, growth, competition and mortality of plant functional types (evergreen and deciduous broad-and needleleaved trees, grasses with the C4 photosynthetic metabolisms and C3 grasses and shrubs). In the vegetation dynamics module, functional types of plants compete for light and soil water and all suffer random mortality that increases with age. The densities (plants per unit area), heights and ages of all the functional types, except grasses, are simulated at the finest spatial resolution (pixel) of the model. A fire module, based on temperature and precipitation, burns a fraction of the smallest pixel of study ). The fire model simulates disturbance by fire for a small fraction of the pixel. It is assumed that 80% of above-ground carbon and nitrogen are lost as a consequence of the fire and fire only occurs when, in effect, leaf litter reaches a critical point of dryness, at which point fire will occur at a random time and for a random subset of the pixel .
The simulations of the individual models and the SDGVM as a whole compare well with a range of contemporary independent measurements (Woodward et al., 1995; Cramer et al., 2001; Woodward et al., 2001) .
Simulations
The SDGVM simulations start from a soil, defined by texture and depth, climate and atmospheric CO 2 concentration. Therefore, there is a necessary initialization stage in which the soil carbon and nitrogen storage of the soil is determined, with the appropriate vegetation for the simulated climate. The model initialization is determined by running with a repeated and random selection of annual climates from 1901 to 1920. The soil carbon and nitrogen values are first determined by solving Century analytically. Then the model is run until the vegetation structure is at equilibrium, typically after at most 500 years. When initialization is completed, the SDGVM then simulates vegetation for the whole climate series.
The SDGVM provides a wide range of outputs, but only a small subset has been extracted for this simulation. Here the aim has been to report outputs that can in principle be related directly to field observations or measurements at the canopy level. However, the most recent year of climate data is 1995 and so simulations of canopy exchanges of carbon dioxide and canopy leaf area index, for example, cannot be compared directly with more recent campaign measurements, as the climate in these years may be very different from other years.
Carbon exchange by vegetation and its underlying soil can be measured by the technique of eddy covariance (Baldocchi et al., 1996) and quantifies net ecosystem exchange (NEE), which is the net carbon flux due to gross primary production less plant and heterotrophic respiration. The SDGVM also simulates net carbon exchange (NCE) (also termed net biome production), which is NEE less carbon losses through fire and a more complete measure of the long-term carbon balance of vegetation (Schulze et al., 1999) .
The vegetation dynamics module of the SDGVM simulates the cover and biomass of all functional types and the density and height of all woody functional types. In addition, the cover and density of woody plants of all ages are simulated within a pixel. It is therefore possible to derive a scaled representation of the three-dimensional appearance of vegetation within a pixel, or fraction of pixel. This can be compared with field photographs or site observations as a method of model testing.
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Climate
The climate of the Kalahari transect is dominated by a strong precipitation gradient (Table 1) from 299 mm yr À 1 at site 1 (Tshane) to 918 mm yr À 1 at site 5 (Mongu). Precipitation varies annually (Fig. 2 ) and all sites show marked impacts of the El Niñ o Southern Oscillation (ENSO). It is generally found that precipitation is above average in La Niñ a years (1970-1972, 1973-1976, 1984-1985, 1988-1989) and below average in El Niñ o years (1972-1973, 1976-1977, 1977-1978, 1982-1983, 1986-1988, 1990-1992, 1993, 1994-1995) , with the events dated from the Multivariate ENSO index (Wolter & Timlin, 1998) . However, a particularly notable feature for the whole transect is the long decline in precipitation over the last 25 years of the records (Fig. 2) . This occurs at all sites, with a mean decline of 8 mm yr À 1 , and the greatest declines at sites 3 and 4 (10.8 and 9.4 mm yr À 1 ). The impact of this long decline, on the vegetation, has been investigated using the simulation data. The mean observations of precipitation and simulations of vegetation responses from 1970 to 1995 are shown in Table 2 .
Net primary production (NPP)
Since 1970, the NPP (Fig. 3) has declined significantly at the three driest sites 1, 2 and 3. These declines are determined strongly by the drought-determined low productivities in 1984, 1985, 1992 and 1995 . Low precipitation in these years ( Fig. 2 ) influenced all sites. 1993 was also a year of low productivity, but only at the driest site 1. The years of low productivity in 1992 and 1995 are associated with the long El Niñ o event over this period. However, the 1984 and 1985 years correspond with weak La Niñ a events (Wolter & Timlin, 1993) . 1974 was a year of increased precipitation at all sites, during a strong La Niñ a event, and NPP was particularly stimulated at the driest sites 1 and 2.
Heterotrophic respiration
Heterotrophic respiration is a measure of carbon losses from plant litter. The overall trend for the Kalahari transect, from 1970, is influenced strongly by large changes for three sites in a small number of years (Fig. 4) . Low rates were simulated at site 1, for up to 3 years following the low NPPs, and therefore litter production of 1984 and 1985 and 1992 and 1993 . Similar responses were simulated for site 2. Sites 3 and 5 showed very high rates of heterotrophic respiration in 1995 (site 5) and 1988 (site 3). For site 5, the wettest on the transect, this large rate of respiration is due to the combination of two dry years, and significant tree mortality following enhanced tree recruitment during the wet year of 1993. A similar response occurred at site 3, with enhanced tree mortality occurring in the dry El Niñ o year of 1987.
Fire
Simulated rates of carbon loss by natural fires are rather small for all sites, when averaged across the whole 0.51 pixel (Fig. 5) . Few fires are predicted for the two wettest sites. Fires occur sporadically at the driest site 1, and those simulated for 1977-1979 occurred during dry years for the vegetation that is primarily grassland. A similar pattern in 1977-1979 and 1989-1992 was simulated for the second site, which is also primarily grassland.
NCE
The NCE is the net flux of NPP (positive), heterotrophic respiration from the soil (negative) and carbon losses by fire (negative). Positive values (Fig. 6) . Sites 1 and 2 often showed the highest positive fluxes, such as between 1972 and 1974, 1981 and 1986 . This reflects the dominance of C4 grasses that are capable of large increases in NPP when precipitation increases. The strongly negative NCE simulations correspond closely with years of low precipitation, often following years of much higher precipitation. This enhances litter production and heterotrophic respiration during the drier year.
Soil carbon tends to increase with precipitation along the transect (Table 3) , although site 2 has a much higher storage of soil carbon than is expected from the trend in precipitation. This high value of carbon storage reflects the fact that the initialization routine, using a random repeat of climate data between 1901 and 1920, simulates woody savannah vegetation with 51% tree cover, at site 2. The fraction of tree cover declines to 17% by 1970, and a large fraction of the tree necromass remains in the soil, slowly decaying. The accumulated soil carbon contents are correlated with rates of heterotrophic respiration (Fig. 4) and soil nitrogen follows the changes in soil carbon, a feature of the Century soil model (Parton et al., 1993) .
Vegetation structure
The influence of the changes in precipitation over the period from 1970 to 1995 has been assessed by changes in vegetation structure. Figures 7 and 8 demonstrate changes in vegetation appearance and woody plant biomass, density and height for site 1, the driest site. In 1970, the site is simulated as a C4 grassland, but with about 8% cover of woody shrubs, reaching a height of over 2 m. By 1994, bare ground has increased following reductions in C4 grasses and shrubs.
At site 5, the wettest site, woody biomass and tree density have decreased (Figs 9 and 10) , although the cover of C4 grasses and trees has changed little.
Discussion
The simulations presented here have been carried out independently of all the other research along the Kalahari transect. This provides a useful opportunity for presenting testable predictions about the vegetation; however, it loses the potential for developing insights from other work. The work presented here has provided a first example of the capacity of the SDGVM to simulate vegetation structure, using only climate, atmospheric CO 2 concentration and soil texture as input data. These simulations of structure can be compared with ground observations (e.g. Ringrose et al., 1998) , keeping in mind that the picture of the vegetation structure is an average of the whole of one pixel of 0.51 latitude and longitude. Such an area will be much greater than the spatial scale of ground measurements and observations, where it is expected that the vegetation structure will be heterogeneous over this pixel size, particularly at the drier sites 1 and 2, where changes in soil water availability will be expected to cause variability of vegetation structure and productivity.
The climatic data indicate that there has been 25 years of increased aridity along the transect and this has provided an interesting focus for the simulations. The simulations indicate significant changes in vegetation structure and dynamics (Figs 2-10) that are likely to have been exacerbated by any human activities associated with grazing. NPP has slowly declined at all sites, even with a continued increase in atmospheric CO 2 concentration. At all sites, dry years lead to mortality and enhanced rates of soil respiration, but only small impacts on carbon losses by fire. At the driest sites 1 and 2, dry years may also lead to the converse effect, a reduction in soil respiration (Fig. 4) , because of reduced rates of heterotrophic respiration in dry soils. A further interesting feature that emerges is the longlasting effect of earlier wet periods on current carbon exchange. The period of model initialization, using random series of climate data taken from 1901 to 1920, simulates a woody savannah for site 2, with 51% cover of woody biomass (20% woody biomass is simulated for site 1). Sites 3-5 show little difference between the initialization period and the 1970 values. The effect of the aridification of sites 1 and 2 is to cause tree mortality and a long-term accumulation in the soil carbon pool (Table 3 ) and a long-term carbon loss from these sites. Only soil carbon and nitrogen influence vegetation dynamics in this model (Woodward et al., 1995) and their absolute values are primarily determined by the model initialization procedure. The values of soil carbon, nitrogen and NPP at this initial equilibrium represent a steady state in which NPP, soil carbon and nitrogen are generally positively correlated (Tables 2 and 3 ), but also dependent on soil water content. Unlike other models (e.g. Walker & Langridge, 1997) , there is no dependency of NPP on other soil characteristics. 
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